Three-dimensional numerical simulations of polycyclic aromatic hydrocarbon (PAH) formation in a Chaochai 6102bzl direct injection diesel engine are performed. n-Heptane is chosen as the fuel. A detailed mechanism, which includes 108 species and 572 elementary reactions that describe n-heptane oxidation and PAH formation, is proposed. A reduced kinetic mechanism, with only 86 reactions and 57 species, is developed and incorporated into computational fluid dynamics (CFD) software for the numerical simulations. Results show that PAHs, which were mostly deposited at the bottom of the diesel combustion chamber wall, first increased and then decreased with the increase in diesel crank angle. Furthermore, the diesel engine operating conditions (intake vortex intensity, intake air pressure, fuel injection advance angle, diesel load, and engine speed) had a significant effect on PAH formation.
Introduction
The diesel engine is widely used in various kinds of power devices and has gradually become one of the main power sources in different types of vehicles because of its low oil consumption, high thermal efficiency, good compatibility, and energy savings, as well as low HC and CO emissions [1] . However, the diesel engine can emit a large number of soot particles during operation [2] [3] [4] [5] . Research indicates that diesel engines may need 0.2-0.5% fuel oil to convert soot particles into extra fine particles (∼0.1 m diameter) [6] emitted from the exhaust pipe. These particles consist of hydrocarbons (including aromatic hydrocarbon materials) adsorbed on carbon black. Therefore, controlling soot emission is a key issue in the development of diesel engines. To improve engine soot emission and engine performance, understanding the soot structure and formation mechanism of diesel engines is necessary.
In general, nucleation and growth are two necessary processes considered in the modelling and simulation of soot formation. Nucleation considers the dehydrogenation of hydrocarbons and recombination of small molecules, which result in the formation of polycyclic aromatic hydrocarbons (PAHs) as the soot core. Growth should consider a series of processes, including the transition of PAHs to small particles and soot particle change by the collision, condensation, absorption, and chemical reactions of gaseous compositions on the surface of the particles [7] .
The numerical simulation of turbulent diffusion combustion in direct injection (DI) diesel engines is highly complicated because of the strong nonlinear interaction between turbulent flow and complex chemical reactions. Some researchers [8, 9] directly used the EBU model in threedimensional simulations to describe diesel engine combustion. Cordiner et al. [10] used a mixed 1D-3D numerical procedure, together with the Shell and characteristic-time combustion models, to analyse combustion and exhaust emission in a dual-fuel diesel/natural gas engine. In the procedure, the 1D code provides the pressure boundary conditions as input information for the 3D simulations. Chen et al. [11] and Lim et al. [12] performed three-dimensional simulations of diesel engine combustion and emission using the eddy-dissipationconception (EDC) model with simplified reaction mechanisms. Hu et al. [13] developed a mixed-mode combustion 2 Advances in Mechanical Engineering model, which takes advantage of the mixing details provided by large-eddy simulation, to cover the major regimes pertaining to diesel engine combustion. The model uses kinetically controlled, quasisteady homogeneous, quasisteady flamelet, and partially premixed combustion modes. The combustion models used for the simulation of turbulent diffusion flames also include the probability-density-function (PDF) transport equation model and laminar flamelet model [14, 15] . Given detailed chemical kinetics, the first two models require substantial calculation because the transport equations for all species have to be solved. Unlike the first two models, the laminar flamelet model, derived separately by Peters [16] and Kuznetsov [17] , treats the mixture fraction as an independent variable. This model uses the scalar dissipation rate for the mixing process and views the turbulent flame as an ensemble of thin, laminar, local one-dimensional flamelet structures embedded within the turbulent flow field [18, 19] . The model is used to solve the local nonequilibrium chemical process caused by aerodynamic strain and can decouple chemistry and turbulent flow in considering the detailed reaction mechanism and molecular transport process. This decoupling considerably reduces the need for additional calculations.
This study aims to perform numerical simulations of the actual operating process of DI diesel engines (Chaochai 6102bzl engine) and formation of PAHs, including benzene (A 1 ), naphthalene (A 2 ), phenanthrene (A 3 ), and pyrene (A 4 ), using the FLUENT CFD software. To this end, a simplified mechanism that is based on a detailed mechanism is proposed. The effect of diesel operating conditions on PAH formation is also analysed. Commercial diesel does not have a chemical formula and its components are complex, making calculations difficult. A single component of alternative fuels is therefore needed. Cetane number (CN) is a measure of fuel ignition quality. It determines the length of the ignition delay period and has a significant effect on soot formation and the combustion process [20] . Thus, the CN of alternative fuels must first be considered. The CN of commercial diesel is about 50 and that of -heptane-an ideal, widely used alternative fuel [21] [22] [23] -is about 56. In the calculations,heptane is used as the simulated fuel, and the unsteady-state laminar flamelet concept based on the -heptane combustion reaction mechanism is adopted as the turbulent flame model of the diesel engine.
Governing Equations
The process occurring in an engine cylinder is a turbulent reaction flow that is dominated by physical conservation laws, including mass, momentum, energy, and species conservations. Therefore, the governing equations describing combustion in cylinder are mass continuity, momentum conservation, energy conservation, species conservation, and the ideal gas equation of state.
Mass Continuity. The species conservation equation was written as
where is the mass density of species, ; kg/m 3 ; is the density of mixtures, kg/m 3 ; ⃗ is the velocity of fluid, m/s; is the diffusion coefficient, m 2 /s; is the Dirac delta symbol;
• is the source term caused in reaction;
• is the source term caused in spray.
After adding all species, the equation of continuity for the mixture is obtained:
(2)
Momentum Conservation. The momentum conservation equation is written as
where is the static pressure, Pa; is the turbulent kinetic energy, kJ/m 3 ; is the gravitational body force; is the surface tension, m; ⃗ is the momentum increment per unit volume caused in spray, kg/(m 2 s). For Cartesian coordinate system, the -, -, -direction momentum conservation equation are given as follows:
-direction:
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(4c)
Energy Conservation. The energy conservation equation is written as
where is the specific internal energy, kJ/kg; is the vector of heat flux, kJ, equals the sum of heat conduction and thermal diffusion, and is given by
where is the heat conductivity; is the gas temperature, ;
ℎ is the species enthalpy;
• is the heat of combustion;
• is the thermal source term caused in spray.
The Ideal Gas Equation of State. One has
where 0 is the universal gas constant, kJ/(kg⋅K); is the molecular weight of species; ( ) is the specific internal energy of species;
is the constant-pressure specific heat of species, J/(kg⋅K).
Models and Boundary Conditions
3.1. Turbulence Model. Numerous models can describe turbulent flow; these include the single equation model, double equation model (the standard -, RNG -, and realisable -models), Reynolds stress model, and large eddy simulation. Given the geometric curvature of combustor configuration and high-speed piston movement, the in-cylinder fluid flow is complex and involves eddy and secondary flow; hence, the -realisable turbulence model proposed by Shih et al. [24] is selected for the present study. The realisablemodel is a relatively recent development and differs from the standard -model. The kinetic energy and transport equations of the former have the same form as the standard and renormalisation group models, but the dissipation rate equations are different. The produced items of dissipation rate do not contain the produced items of turbulent kinetic energy. The realisable -model is adopted for fluid flow, including boundary eddy flow, strong adverse pressure gravity, separate flow, and secondary flow [25, 26] .
The modelled transport equations for and in the realisable -model are as follows:
where 1 = max [0.43, + 5 ] , = , = √2 .
In these equations, represents the generation of turbulent kinetic energy by mean velocity gradients;
is the generation of turbulent kinetic energy by buoyancy; denotes the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate; 1 , 2 , 1 , and 3 are constants; and represent the turbulent Prandtl numbers for and , respectively; and and are userdefined source terms.
Turbulence-Chemistry Interaction Model.
In diesel engines, fuel is sprayed into the cylinder. The fuel evaporates, mixes with the surrounding gases, and then autoignites as compression raises temperature and pressure. The diesel engine nonsteady-state laminar flamelet model that is based on the works of Pitsch et al. [27] and Barths et al. [28] can describe the chemistry in a single one-dimensional laminar flamelet and model ignition, as well as the formation of the product, intermediate, and pollutant species. It is chosen in this study to predict the combustion process in the diesel engine with compression ignition [25] . Computationally expensive chemical kinetics is reduced to a one-dimensional model, which is significantly faster than the laminar-finiterate, EDC, or PDF transport models, and calculates kinetics in two or three dimensions. The simulation results confirm good accuracy.
In a laminar diffusion flame, the species mass fraction and temperature along the -axis can be mapped from the physical space to the mixture fraction space. Thus, they can be uniquely described by two parameters: mixture fraction , defined in (7) , and strain rate (or equivalently, scalar dissipation , defined in (8) ). The chemistry is therefore reduced and completely described by quantities and . Finally, a set of simplified laminar flamelet equations can be obtained in the mixture fraction space, including species mass fraction equations:
and a temperature equation:
In (13) and (14), , , , and are the th species mass fraction, temperature, density, and mixture fraction, respectively; , and are the th species specific heat and mixtureaveraged specific heat, respectively; denotes the th species reaction rate; and represents the specific enthalpy of the th species.
The mixture fraction can be written in terms of the atomic mass fraction as [29] 
where is the elemental mass fraction for element ; the subscript ox is the value at the oxidiser stream inlet; and the subscript fuel denotes the value at the fuel stream inlet. If the diffusion coefficients for all the species are equal, then (15) is identical for all the elements and the mixture fraction definition is unique. The mixture fraction is therefore the elemental mass fraction that originates from the fuel stream.
Scalar dissipation varies along the axis of a flamelet and must be modeled across the flamelet. An expression for variable density is used [30] :
where ∞ is the density of the oxidizer stream. For a counterflow diffusion flamelet, flamelet train rate can be related to the scalar dissipation at st :
where st is the scalar dissipation at the stoichiometric ratio; is the characteristic strain rate; st denotes the stoichiometric mixture fraction; and erfc −1 is the inverse complementary error function.
In an adiabatic turbulent diffusion flame system, the species mass fraction and temperature in the laminar flamelets are completely parameterized by and st , and the timeaveraged characteristic scalars can be determined from the PDF of and st as
where represents the species mass fraction and temperature and ( , st ) denotes a joint probability density function. For nonadiabatic laminar flamelets, considering the computational cost, heat transfer to the system is assumed to have a negligible effect on flamelet species mass fractions. So the flamelet profiles are convoluted with the assumed-shape PDFs as in (18) . The flamelet species and energy equations ( (13) and (14)) are simultaneously solved with the flow. To account for the temperature rise during compression, the flamelet energy equation (14) contains an additional term on the right-hand side:
where is the specific heat and is the volume-averaged pressure in the cylinder. This rise in flamelet temperature caused by compression eventually ignites the flamelet. The flamelet equations are advanced for a fractional step using properties from the flow, which is then advanced for the same fractional time step using properties from the flamelet. The initial flamelet condition at the beginning of the diesel simulation is a mixed-but-unburned distribution. For the flamelet fractional time step, the volume-averaged scalar dissipation and pressure, as well as the fuel and oxidiser temperatures, are passed from the flow solver to the flamelet solver. After the flamelet equations are advanced for the fractional time step, a PDF table is converted into a nonadiabatic steady flamelet table. Using the properties in this table, the CFD flow field is then advanced for the same fractional time step.
Kinetic Model.
Turbulent combustion in an engine cylinder is highly complex. Hence, three-dimensional turbulent combustion simulation with a detailed reaction mechanism is difficult to complete using current computer resources. Detailed reaction mechanisms should be reduced. For this purpose, we first propose a detailed chemical mechanism describing -heptane as a surrogate fuel for kerosene, oxidation, and PAH formation. It is then simplified to obtain the reduced-detail mechanism that can be coupled with CFD.
The detailed -heptane reaction mechanism that describes PAH formation and oxidation consists of 108 species and 572 elementary reactions [31] . The mechanism was taken from Wang and Frenklach [32] (R31-R572, refer to [31] ) and Curran et al. [33] (R1-R30, refer to [31] ). As the first aromatic ring (benzene) is formed, the growth of larger aromatic species essentially follows the H-abstraction-C 2 H 2 -addition (HACA) mechanism. The HACA mechanism and aromatic combination, which describe the details of the growth of aromatic hydrocarbons, can be found in [15] . The next stage is to integrate reaction kinetics in the multidimensional CFD solver. The detailed mechanism is simplified prior to multidimensional CFD modelling. Net reaction rate analysis and sensitivity analysis are conducted to simplify the detailed mechanism. The simplified mechanism includes 57 components and 86 elementary reactions (see Table 1 ), and can be coupled with the CFD multidimensional model. A comparison of the simplified and detailed mechanisms shows very close calculation results, with a 15% relative error for intermediate profiles. These results confirm that the authenticity of the prediction of flame structure and PAH (A 1 , A 2 , A 3 , and A 4 ) formation generated by the mechanism simplification procedure is indistinguishable from that yielded by the detailed mechanism over the specified fixed range of conditions. The details of the simplification of this mechanism and its testing can be found in [34] . varying drag coefficient that accounts for variations in droplet shape. These models are the droplet collision model, applicable to low-Weber-number collisions, and droplet breakup models; the latter include the Taylor analogy breakup (TAB) model, applicable to low-Weber-number injections and lowspeed sprays into a standard atmosphere, and the wave model that is applicable to Weber numbers greater than 100 and popular in high-speed fuel injection applications [14] . The dynamic drag model provided by FLUENT is adopted for the accurate determination of droplet drag coefficients, which are crucial for accurate spray modelling in this work. It is compatible with the TAB and wave models for droplet breakup. When the collision model is switched on, the collisions reset the distortion and distortion velocities of the colliding droplets. When sprayed into the combustion chamber through the nozzle, the droplets may merge or break up.
Initial and Boundary Conditions.
Even as the precise geometric shapes of a physical model are an important precondition to accurate simulation, creating a computational module strictly in accordance with actual conditions is very difficult because the overall structure of the diesel engine is highly complex. Therefore, the treatment of the structures requires simplification. In this study, the approaches to simplification are as follows.
(1) The intake and exhaust strokes are disregarded, with initial and boundary conditions obtained through experiments.
(2) The calculation is completed only for one-sixth of the full geometry because the diesel cylinder that is adopted is a fuel injection nozzle with six uniform jet holes. Figure 1 shows the geometric model and calculation grid of the DI diesel engine at a 10 ∘ crack angle (CA) before top dead centre. The parameters of the geometric model and initial boundary conditions are shown in Table 2 . The calculations, including those for the compression, combustion, and expansion strokes, are completed using the FLUENT CFD software solver. are available for comparison. Usually, pressure and temperature are the standards of simulation. The examined comparisons of the detailed mechanism were completed in the laminar flames [31, 35] . The results show that the mechanism can describe flame characteristics. As shown in [34] , the simplified mechanism that is based on the detailed mechanism can also reproduce the major features of the detailed mechanism. Figure 2 shows the variations in average pressure in the cylinder with CA; these variations were determined by numerical simulation and testing. The figure shows that the computed pressure rise and maximum pressure, as well as their corresponding crank positions are essentially consistent with experimental data [36] . The maximum pressure in the cylinder (about 8.5 MPa) occurred at 4 ∘ CA after top dead centre. The maximum pressure showed an error of 1.16% only in comparison with the experimental results for 8.6 MPa. The comparison of the pressure curves shows that the numerical simulation of the DI diesel engine reflects actual conditions. Figure 3 shows the computed volume-average temperature in the cylinder against variations in CAs. The figure shows three special points, which correspond to the ignition of the fuel at 360 ∘ CA, maximum pressure at 364 ∘ CA, and maximum temperature at 379 ∘ CA. The average temperature in the engine cylinder was about 1400 K at the ignition point (i.e., 360 ∘ CA). Below this temperature, the engine flamed out, which is generally consistent with the conclusion of Liu et al. [37] . Kinetic analysis shows that the following important reactions occurred at the ignition point: 
Results and Discussion

Reliability Analysis of the Models. Comprehensively verifying the models is very difficult because limited test results
It is found that H, O, and OH imposed important effects on ignition, and H 2 and C 2 H 4 were produced from the decomposition of C 7 H 16 . On the one hand, the small hydrocarbon gases can be conducive to burning. On the other hand, they can increase CH 3 and C 3 H 3 , after which C 3 H 3 can be converted to A 1 . This conversion may, in turn, generate A 2 , A 3 , and A 4 .
As the fuel is burned, the considerable heat produced by combustion caused the gas pressure and temperature in the cylinder to sharply rise until the average temperature reached a maximum value of 1935 K at 379 ∘ CA, where fuel injection was terminated and combustion was completed. Similarly, the kinetic analysis shows that in addition to reactions (SR2), (SR3), (SR8), (SR54), (SR59), (SR64), (SR68), (SR69), (SR70), (SR72), and (SR81) (see Table 1 ), other important reactions occurred at the maximum temperature (i.e., 379 ∘ CA):
At this point, adequate H, OH, and O were produced but less C 3 H 3 was generated. Figure 4 shows the corresponding spatial temperature distributions at 360 ∘ , 364 ∘ , and 379 ∘ CA. Figure 5 shows the spatial distributions of temperature and concentrations of the major species (C 7 H 16 , O 2 , CO 2 , and H 2 O) and PAHs (A 1 , A 2 , A 3 , and A 4 ) at 360 ∘ , 364 ∘ , and 379 ∘ CA. The figure illustrates that the eddy formed in the combustion chamber caused the high-temperature region to propagate through the bottom of the chamber. When the crank moved to 364 ∘ CA, a local high-temperature region at 2643 K was formed at the bottom centre of the chamber. Conversely, when the crank moved forward to 379 ∘ CA, a high-temperature flame fully propagated through the bottom of the chamber. At the starting point of combustion (360 ∘ CA), the fuel (i.e., C 7 H 16 ) aggregated at the jet flow centre, thereby producing severely insufficient and excess oxygen inside and outside the fuel jet, respectively. When the C 7 H 16 was consumed, only a little fuel remained near the wall at the bottom of the chamber at 364 ∘ CA because of the low combustion rate near this wall. This low combustion rate resulted in a lower wall temperature and lower O 2 concentration. In the subsequent combustion (up to 379 ∘ CA), the remaining fuel continued to combust until it was completely consumed, the O 2 concentration at the bottom of the chamber continued to decrease, and the CO 2 and H 2 O concentrations gradually rose, thereby forming a high-temperature region with maximum temperature and severe oxygen deficiency. Nevertheless, the oxygen concentration remained high in the unburned region. Figure 4 : Temperature spatial distributions in three crank angles (i.e., corresponding to ignition, maximum average pressure, and maximum average temperature).
Spatial Distributions of Temperature and Species Concentrations.
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High Low As shown in Figure 5 , large quantities of A 1 , A 2 , A 3 , and A 4 started forming near the wall of the combustion chamber bottom at the ignition point (1750 K), which corresponds to 360 ∘ CA. The species continued to form at 379 ∘ CA (i.e., the point at which the largest average temperature occurred). At 360 ∘ CA, the temperature further improved after ignition, but the fuel remained in the stage of diffusion combustion. It was poorly mixed with air, resulting in pyrolysis and incomplete fuel combustion. At 364 ∘ CA (i.e., the point at which the maximum average pressure occurred), the mixing of fuel with air continued to proceed poorly because the diffusion flame had only begun to propagate through the bottom of the chamber. Thus, the fuel jet achieved easy pyrolysis near the wall at the bottom of the combustion chamber, forming A 1 , A 2 , A 3 , and A 4 . Moving the crank to 379 ∘ CA caused large quantities of PAHs to continue forming near the wall at the bottom of the chamber until they were nearly completely oxidised at the high-temperature region because of adequate O 2 concentration. Figure 6 shows the spatial distributions of the concentrations of some intermediate species (H, C 3 H 3 , A 3−4 ), C 4 H 4 , and C 2 H 2 ) at 360 ∘ , 364 ∘ , and 379 ∘ CA. The figure indicates that H, C 2 H 2 , and C 3 H 3 formed primarily at the high-temperature region because of the combustion and decomposition of fuel, which resulted in more A 1 production through the reaction C 3 H 3 + C 3 H 3 → A 1 . . Figures 7 and 8 a function of the CA corresponding to the conditions shown in Table 2 . Figure 7 illustrates that the C 7 H 16 concentration first increased with fuel injection during the delay period prior to ignition. C 7 H 16 was then quickly consumed until it reached its maximum at 360 ∘ CA (the C 7 H 16 ignition point). The C 7 H 16 injected during the delay (360 ∘ -364 ∘ CA) and slow burning (364 ∘ -379 ∘ CA) periods continued to combust during the spray process and was quickly and almost fully consumed when the injection process was terminated (379 ∘ CA). O 2 gradually decreased as combustion progressed, whereas CO 2 and H 2 O gradually increased until they reached a fixed value at the end of the fuel combustion process. As shown in Figure 8 , the PAH concentrations first increased and then decreased with CA. During the delay period (∼360 ∘ CA), A 1 , A 2 , A 3 , and A 4 started to form because of C 7 H 16 pyrolysis before fuel ignition. These species gradually increased in the range 360-364 ∘ CA until they reached their maximum at 364 ∘ CA. This behaviour implies that the pollutants formed in a dominant manner, corresponding to the stages of diffusion flames in the diesel engine. The fuel injected in the combustion chamber underwent pyrolysis under severe oxygen deficiency before the ignition and diffusion combustion of the formed rich mixture at the jet centre in the initial stage of combustion after ignition. The pyrolysis generated a number of A 1 , A 2 , A 3 , and A 4 species. The kinetic analysis shows that the important reactions for PAH formation occurred at (SR54), (SR69), (SR70), and (SR72). After moving the crank to 364 ∘ CA, strong turbulent flow and fuel vapour in the cylinder accelerated the mixing of fuel with air and considerably improved combustion, thereby generating less A 1 , A 2 , A 3 , and A 4 . At the same time, large quantities of previously formed A 1 , A 2 , A 3 , and A 4 were oxidised at high temperature by reactions (SR59), (SR64), (SR68), and (SR81). Thus, the A 1 , A 2 , A 3 , and A 4 concentrations were quickly reduced beyond 364 ∘ CA because of their dominant oxidation. Beyond 379 ∘ CA, fuel injection was terminated, and combustion gradually ceased. Therefore, the pressure and temperature in the cylinder of the diesel engine quickly decreased, and PAH concentrations gradually reached constant levels. Figure 9 : The effect of the intake vortex intensity on PAHs formation. diesel engines. Eddy motion promotes mixing of fuel and air, improves the formation of combustible mixtures, and enhances combustion efficiency. To study the effect of intake vortex intensity (defined as the ratio of the intake swirl speed to the engine speed) on combustion and emission, we simulated the diesel engine combustion process and PAH formation under different vortex intensities (0.5, 2.5, and 4.5), with the other parameters maintained at relatively constant levels. Figure 9 shows the mean-averaged mass fractions of A 1 , A 2 , A 3 , and A 4 as a function of CA under vortex intensities of 0.5, 2.5, and 4.5. We can see from the figure that A 1 gradually decreased, whereas A 2 , A 3 , and A 4 only slightly changed with increasing intake vortex intensity. The sharp points of A 2 , A 3 , and A 4 were 5 −10 , 6 −13 , and 1 −13 , respectively. Increasing the intake vortex intensity is advantageous to increasing airflow velocity and turbulence intensity in the engine combustion chamber, accelerating mixture formation, expanding the high-temperature region, and controlling combustion in the cylinder. The end results are improved combustion conditions and reduced combustion time, increased combustion efficiency, and reduced PAH formation, as confirmed by the simulation results.
Species Concentration Profiles
Effect of Operating Conditions on
Effect of Intake
Air Pressure. Figure 10 shows the meanaveraged mass fractions of A 1 , A 2 , A 3 , and A 4 as a function of CA under intake air pressures of 3.5, 4, and 4.5 MPa. The figure illustrates that A 1 gradually decreased, whereas A 2 , A 3 , and A 4 only minimally changed with increasing intake air pressure. The variations in PAHs showed a similar trend ( Figure 9 ). The intake air pressure was higher, and the gas density and oxygen concentration of the engine cylinder were greater. These conditions enabled complete diesel engine combustion under greater excess air coefficients, resulting in more complete fuel combustion and less PAH formation. Increasing the amount of air in the cylinder may reduce PAH production and simultaneously promote the oxidation of previously formed PAHs. Hence, PAH concentrations decreased with increasing intake air pressure.
Effect of Diesel Fuel Injection Advance Angle.
Fuel injection advance angle is defined as the time at which fuel is injected into the cylinder and then to the piston only as the experience point of the crank angle. It is an important parameter that affects diesel fuel combustion. Previous studies have shown that the fuel injection advance angle in DI diesel engines has a more significant effect on fuel economy, power, and emission performance than do other parameters. Large or small, injection advance angles have a direct effect on diesel engine power output and fuel consumption, resulting in crude diesel engine and unstable running conditions. Figure 11 shows the mean-averaged mass fractions of A 1 , A 2 , A 3 , and A 4 as a function of CAs under fuel injection advance angles of 6 ∘ , 8 ∘ , and 10 ∘ CA, with the other parameters kept constant. The figure illustrates that A 1 gradually decreased, whereas A 2 , A 3 , and A 4 did not change much with increasing fuel injection advance angle. Increasing the fuel injection advance angle decreased the pressure and temperature when the fuel was injected into the cylinder. Thus, the delay period of ignition was extended. Fuel can mix well with air at a level before the top dead centre (TDC), and then the mixture promptly ignites and burns at the nearby TDC. Therefore, appropriate increments in injection advance angle can improve fuel quality and air mixture. Consequently, combustion efficiency is enhanced. However, immoderate increments in fuel injection advance angle increase the amount of fuel injected into the cylinder before ignition. When the fuel is ignited, the cylinder pressure rapidly rises, resulting in crude diesel. At an excessively small fuel injection advance angle, a fuel mixture begins to form and burn at a level beyond the TDC, where the cylinder pressure and temperature are low, resulting in reduced fuel efficiency.
Effect of Diesel Load.
Diesel load regulation is controlled with the quantity of diesel fuel injection. The fuel injected into the cylinder increases with rising diesel load. Accordingly, the heat released by combustion is greater and the engine produces more peak torque. We completed a numerical simulation of different fuel deliveries per cycle per cylinder, keeping the same other parameters constant, to study the effect of diesel load on PAH formation and oxidation in the DI diesel engine. Figure 12 presents the mean-averaged mass fractions of A 1 , A 2 , A 3 , and A 4 as a function of CA under fuel delivery per cycle per cylinder levels of 50, 70, and 90 mg. The figure shows that A 1 gradually increased, whereas A 2 , A 3 , and A 4 only slightly changed with increasing fuel delivery per cycle per cylinder. The different engine loads correspond to different fuelto-air equivalence ratios. Hence, the effect of engine load on harmful gases in the exhaust is essentially attributed to the equivalence ratio. The fuel and air mixture deteriorated with increasing equivalence ratio, leading to the increased formation of PAHs. During heavy load conditions, the equivalence ratio and temperature are high, and the excess concentrated fuel/air mixture produced in the combustion chamber causes fuel pyrolysis and incomplete combustion.
By contrast, during light load conditions, the diesel engine operates with substantial excess air. Thus, combustion is more complete and fewer PAHs are formed.
Effect of Engine
Speed. The effect of diesel engine speed on diesel engine combustion and PAH formation was also investigated under fixed parameters. Figure 13 shows the mean-averaged mass fractions of A 1 , A 2 , A 3 , and A 4 as a function of CA under engine speeds of 1800, 2300, and 2800 rpm. As shown in the figure, A 1 gradually increased, whereas A 2 , A 3 , and A 4 only minimally changed with increasing engine speed. When the engine speed increased, more fuel was injected into the engine chamber over a short period, which was insufficient for fuel evaporation and fuel-air mixing. In turn, these resulted in incomplete combustion and the formation of large quantities of PAHs.
Conclusion
Three-dimensional numerical simulations of an -heptanefuelled Chaochai 6102bzl DI diesel engine were performed. The simulations were carried out under actual working conditions and PAH formation (A 1 , A 2 , A 3 , and A 4 ). A combustion model, along with laminar flamelet, nonsteadystate, turbulent flow, and spray models, was used in the numerical simulation. The comparison of the simulation and experimental results for the delay period and variation trends of the cylinder pressure indicates that the models established in this study can accurately describe the actual working conditions of an in-cylinder diesel engine. The numerical results show that during the delay period, large quantities of PAHs were formed because of the high-temperature pyrolysis of fuel at the front of the fuel jet. PAHs were formed near the wall at the bottom of the combustion chamber during the ignition stage and were then completely oxidised at a temperature higher than 2000 K. The simulated results for the diesel engine operating conditions indicate that increasing the intake vortex intensity and intake air pressure promotes complete fuel combustion and reduces PAH formation. Appropriate increases in fuel injection advance angles can also reduce PAH generation. The effect of engine load on the combustion process is essentially attributed to the equivalence ratio. The load increase caused a rise in equivalence ratio, creating a rich fuel mixture and resulting in elevated PAH production. Finally, increasing engine speed shortened the time consumed in fuel and air mixing, resulting in combustion deterioration and the formation of large quantities of PAHs.
